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Reversible Conversion of Electronic Structures in a Cyclic Octacopper

Complex
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Redox-active molecular systems have received great at-
tention not only in the field of fundamental chemistry, but
also in many fields of application. In coordination chemistry,
a number of redox-active transition metal complexes have
been synthesized by using the non-innocent character of li-
gands, and their electronic structures as well as their optical
and magnetic properties have been extensively investigat-
ed.'! For example, it has been reported that square-planar
metal complexes with non-innocent semiquinonate-type li-
gands show rich electrochemical behavior, which has been
attributed to ligand-centered redox processes.”) The con-
struction of dimensional structures by using redox-active
metal complexes as building blocks has also been carried
out for the continuing development of functional materi-
als.”! Conversely, reports on discrete redox-active com-
plexes, not metal-centered redox, with a high nuclearity are
limited in number, and much less is known about the elec-
tronic structures and properties of these species.”! Herein,
we report a cyclic sulfur-bridged octacopper complex that
undergoes a clear interconversion between its neutral,
monocationic, and dicationic species. Notably, the monocat-
ionic and dicationic species exhibit characteristic, intense ab-
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sorption in the near-infrared (NIR) region, which is an im-
portant property for applications involving telecommunica-
tions and optical data storage.[**! To the best of our knowl-
edge, this is the first example of a non-innocent polynuclear
system, the character of which comes from S-bridged metal-
core structure rather than organic ligands.

The reaction of 2-(4-dimethylaminophenyl)benzothiazo-
line with copper(Il) acetate monohydrate in a 2:1 ratio in
1,2-dichloroethane under a nitrogen atmosphere gave an
almost black solution from which a dark brown powder ([1]-
[CuCl]) was isolated by adding diethyl ether (Scheme 1).
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Scheme 1. Synthesis  of [1][CuCl,]. Only one of eight ((4-
Me,NC¢H,)C(H)=NCH,) moieties is presented for clarity.

The presence of a disulfide organic compound (2,2'-di(4-di-
methylaminophenylmethyleneaminophenyl)disulfide) in the
filtrate implies that 2-(4-dimethylaminophenyl)benzothiazo-
line acts not only as a ligand but also as a reducing agent for
copper(I1).¥! The lack of the #y_y vibration in the IR spec-
trum of this compound is in accordance with the coordina-
tion of the ligand in an iminothiolate-N,S mode.

The structure of [1][CuCl,] was determined by single-crys-
tal X-ray analysis, which revealed the presence of discrete
complex cations and linear anions, [1]* and [Cu'CL]", re-
spectively. The 1:1 ratio of cations and anions in the unit
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cell implies that the complex cation is in a monocationic
form. As shown in Figure 1, the entire complex [1]T con-
tains eight Cu atoms that are bridged by eight iminothiolate

Figure 1. a) Top view and b) side view of [1][CuCL,]: copper, red; sulfur,
yellow; nitrogen, blue; chlorine, green; carbon, gray.

ligands (L=S(C,H,)N=CH(C,H,NMe,)) through the S atoms
to construct a cyclic-ladder structure with a CugSg octagonal
prism. Given that each Cu atom is in a +1 oxidation state
and each iminothiolate ligand is monoanionic, this octacop-
per complex should be neutral. Thus, one electron is re-
moved from the entire octanuclear structure to form the
monocationic [1]*. Each copper atom in [1]* is tetrahedral-
ly coordinated by N and S atoms from one chelating ligand
and two W;-S atoms from two neighboring ligands. The
Cu--Cu distances (2.569(2)-2.671(2) A) in [1]* are apprecia-
bly shorter than the sum of van der Waals radii of 2.82 A ")
suggestive of the presence of metal-metal interactions (Fig-
ure S1 in the Supporting Information).”’! These distances
are much shorter than those found in related copper(I) thio-
late complexes.”!

The electronic absorption spectrum of [1][CuCl,] in 1,2-di-
chloroethane is characterized by a broad, intense band at
A=1770nm (¢=2.56x10*m'cm™). On standing the solu-
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tion of [1][CuCl,] in 1,2-dichloroethane under aerobic condi-
tion, the band at 1=1770 nm slowly decreased with the ap-
pearance and increase of a relatively sharp, intense band at
2=1220 nm (¢=8.45x10*mM 'cm™"). This absorption spectral
change with time of [1][CuCl,] was accelerated in polar sol-
vents such as methanol and ethanol, and thus a brown com-
pound ([1][(CIO, or PFy),]) that shows an intense band at
A=1220 nm was isolated from a methanol solution of [1]-
[CuCl,] by adding NaClO, or NH,PF."" Single-crystal X-
ray analysis of [1][(PFs),] indicated the presence of two PF¢~
ions per one complex cation, implying that the entire com-
plex cation ([1]**) is dicationic (Figure S2 in the Supporting
Information). The overall structure of [1]** is essentially the
same as that of [1]* and has a cyclic ladder structure with a
CugSg octagonal-prism core composed of eight Cu atoms
and eight iminothiolate ligands.

The cyclic voltammogram (CV) of [1][CuCl,] was record-
ed in 1,2-dichloroethane containing 0.1m [Bu,N]BF,, as a
supporting electrolyte, at a glassy carbon working electrode
and an Ag/Ag* reference electrode. The CV exhibits two
almost reversible redox waves at El,=—036V and Ej, =
—0.77 V (Figure 2). The spectroelectrochemical experiments
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Figure 2. UV/Vis/NIR spectral changes for two successive electrochemi-

cal reductions from —0.2V to —0.6 V (top) and from —0.6 V to —1.0 V

(bottom) for [1][CuCl,] in CICH,CH,Cl. The inset shows a cyclic voltam-

mogram of [1][CuCl,] with a scan rate of 0.1 Vs™'.
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were also carried out using an optically transparent thin
layer electrode (OTTLE) cell in 1,2-dichloroethane
(Figure 2). At —0.2V, the absorption spectrum is the same
as that of [1]**, and has a characteristic intense band at A=
1220 nm, indicative of the existence of the dicationic species
at this potential. If the potential was decreased from —0.2 'V,
the band at 1=1220 nm gradually decreased with the ap-
pearance of a broad band at A=1770 nm, and the spectrum
recorded at —0.6 V was identical to that of [1]*. Several iso-
sbestic points were maintained during the spectral change.
These results clearly indicate that [1]** and [1]* are electro-
chemically interconvertible to each other, retaining the
cyclic octacopper structure. If the potentials were changed
from —0.6 V to —1.0V, the broad band at A=1770 nm de-
creased and finally no absorption band was observed in the
NIR region at —1.0 V. The existence of several isosbestic
points establishes the quantitative interconversion between
[1]* and its one-electron reduction species, [1]°. From these
results, it is reasonable to assume that [1]° also has the same
S-bridged cyclic octacopper structure as those found in [1]**
and [1]*, although attempts to isolate [1]° were unsuccessful.
The absorption spectral behavior of an isolated neutral spe-
cies ([1a]’) that matches well with that of [1]°, was achieved
by using benzothiazoline with trifluoromethyl group instead
of dimethylamino group (Figure S3 in the Supporting Infor-
mation), and its cyclic octacopper structure was unambigu-
ously confirmed by single-crystal X-ray analysis. As in the
case of [1]*, the CV of [1a]” in 1,2-dichloroethane displayed
two reversible redox waves. However, their potentials (E‘lb =
0.09 V and E,zﬁ =—0.28 V) are greatly positively shifted com-
pared with those for [1]*, which led to the isolation of [1a]’.

To get insight into the electronic states of complexes, the
density functional theory (DFT) calculations using Gaussian
03 program suitel'! were performed for the model com-
pounds ([1b]**, [1b]*, and [1b]°) of the Cugly species in
which dimethylamino groups are replaced by hydrogens
(Figure S4-S6 in the Supporting Information). The DFT
calculations showed that the neutral species ([1b]°) is singlet
(§=0) and the HOMO (MO-320) is occupied by a couple of
electrons. The dicationic species ([1b]**) is also singlet, but
the a-spin and B-spin electrons reside without complete pair-
ing in the lowest energy state; the occupied MO-317 for a-
spin is vacant for (3-spin (MO-320), whereas the occupied
MO-317 for B-spin is unoccupied for a-spin (MO-320).1"
On the other hand, the monocationic species ([1b]*) is dou-
blet (S='/), and its Mulliken spin densities show the pres-
ence of 88% spins on the CugSy core: Cug, 0.328 (0.0351
~0.0451 for Cu atoms); Sg, 0.554 (0.0607~0.0860 for S
atoms). The ESR spectrum in the solid state of [1][CuCl,] at
77 K exhibited an isotropic signal centered at g=2.05 (peak-
to-peak line width of 12.5 G) without a Cu hyperfine cou-
pling. These findings indicate that the odd electron in [1]* is
not localized on the metal centers to form a mixed-valence
Cu',Cu", state, but is distributed around the entire Cu,Sg
core to give a non-innocent state. Absorption spectra in the
Vis-NIR region were also calculated for [1b]**, [1b]*, and
[1b]° by using time-dependent DFT calculation. The absorp-
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tion spectra of [1b]T and [1b]**, which were simulated
based on the calculated excitation energies and oscillator
strengths for 50 excitations (Figure S8 in the Supporting In-
formation),™™ reproduce fairly well the features of the ob-
served spectra of [1]* and [1]**, respectively (Figure S9 in
the Supporting Information). In addition, the simulated
spectrum of [1b]° is also in good agreement with the spec-
trum of [1]° observed in the spectroelectrochemistry and ex-
hibits no absorption band in the NIR region. The calcula-
tions for [1b]* and [1b]** indicated that the NIR absorption
bands are assigned to the intra CugSg core transitions, i.e.,
MO-312—-MO-320 and MO-314—MO-320, owing to singlet
diradicals (S=0) for [1b]** and MO-317—MO-320, MO-
318 =MO-320, and MO-319—-MO-320, owing to a doublet
monoradical (S='/4) for [1b]* (Table S1 in the Supporting
Information). Thus, the time-dependent DFT calculations
provided a reasonable MO interpretation of the experimen-
tal electronic absorption spectra and a summary of all eluci-
dated electronic structures of octanuclear species is illustrat-
ed in Scheme 2.
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In conclusion, from the reaction of 2-substituted benzo-
thiazoline with copper(II), we created a new type of redox-
active coordination system, in which dicationic ([1]*"),
monocationic ([1]*), and neutral ([1]°) species are intercon-
vertible to one another with retention of the cyclic CugSg
core structure. The dicationic and monocationic species pos-
sess radicals that are delocalized over the CugSg core and
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show a characteristic intense absorption band in the NIR
region. Remarkably, this system displayed a drastic change
in NIR absorptions by changing the oxidation states among
[1]**, [1]*, and [1]°. Current efforts are focusing on the con-
trol of redox potentials and NIR absorption energies of this
class of non-innocent complexes by means of the modifica-
tion of substituent groups on benzothiazolines.

Experimental Section

Experimental details, together with spectroscopic data, are given in the
Supporting Information.
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